Introduction
============

Mercury (Hg) is a contaminant globally distributed via the atmosphere that not only persists in the environment but is also biomagnified through aquatic food webs, particularly in its methylated form, monomethylmercury ([@bib38]). Both Hg cycling and bioaccumulation depend on microbial processes ([@bib43]). Human activities associated with industrialisation have exacerbated Hg contamination, but we currently have no good historical records of how freshwater ecosystems responded to the delivery of anthropogenic Hg. Indeed, although freshwater fish Hg levels respond quickly to atmospheric Hg deposition ([@bib29]), they leave no historical records except for the very few that can be found in museum specimens ([@bib37]; [@bib17]).

Because of the complexity of its biogeochemical cycle, time lags in the response of many freshwater ecosystems to changes in atmospheric Hg levels can be expected ([@bib12]), hampering our ability to manage Hg contamination. This inability to properly describe ecological linkages between historical changes in Hg deposition and ecosystem response has been identified as a major research gap in the latest United Nation Environment Program Global Mercury Assessment ([@bib56]).

Recent advances in genotyping have shown that ancient DNA extracted from lake sediments or permafrost can provide information on the genome of organisms living in those environments ([@bib13]; [@bib14]; [@bib8]; [@bib15]; [@bib54]; [@bib33]) and microbial DNA can be used to reconstruct past environments ([@bib31]; [@bib34]), but we lack information on how microbes responded to changes in historical environmental pollution. Microbial community structure changes when exposed to metal concentration gradients ([@bib55]; [@bib25]) and this structuring could possibly serve as an index for establishing contemporary ecosystem responses to contaminant exposure. However, steep geochemical gradients typically develop within the very first few millimetres of sediments, strongly affecting redox conditions and re-shaping the structure of live microbial communities ([@bib7]; [@bib52]). This structuring makes historical reconstruction of bacterial and archaeal communities using solely 16S rRNA markers often unreliable, as microbes will respond to geochemical changes observed during diagenesis. In the case of Hg, we can circumvent this issue and develop a reliable marker of historical exposure to Hg deposition, by focusing our analysis on genes of the *mer*-operon, encoding for microbial Hg detoxification (via Hg scavenging, uptake and reduction). These genes are ideal candidates in offering molecular insights into historical exposure to Hg because they are (i) specific to Hg detoxification ([@bib6]) and (ii) ubiquitous in the environment ([@bib41]; [@bib5]) and easily mobilised between microbial populations via horizontal gene transfer ([@bib6]). As such, we do not expect taxonomic discrimination of microbes based on their potential to detoxify Hg. Should the microbial community structure change, genes involved in Hg resistance should not be segregated based on species but rather maintained in the community based on whether they provide increased fitness in the environment considered.

Our study focused on the Hudson Bay Lowlands of subarctic Canada, as it contains one of the last Arctic cold refugia only recently lost to global warming ([@bib48]). In this unique environment, remote from direct human disturbances, we extracted nucleotide sequences encoding for Hg detoxification from dated lake sediments to test the hypothesis that these ancient DNA sequences reflect both the timing of sediment deposition and historical Hg exposure. Our results show a significant association between mercuric reductase gene (*merA*) phylogeny and the timing of Hg deposition and a significant increase in the scaled effective population size of the prokaryotes involved in Hg detoxification, beginning \~200 years ago, which coincides with the Industrial Revolution. Further analyses show that this event is driven by positive selection. Our approach offers novel insights into the effects of Hg emissions in remote regions, providing a new historical perspective on the evolutionary response of ecosystems to contaminants released since the onset of the Industrial Revolution.

Materials and methods
=====================

Sampling site and sediment collection
-------------------------------------

Sediment cores were collected from Aquatuk, Hawley and North Raft lakes in August 2010 in the Hudson Bay Lowlands of Ontario, Canada, which range in longitude and latitude from 53° to 55° N and 84° to 85° W, respectively. Aquatuk is a mesotrophic lake and Hawley and North Raft are oligotrophic lakes and all three are located on the Precambrian bedrock outcrop of the Sutton Ridges, although their relatively high pH (ca. 8.0) and ionic strength (\[Ca^2+^\] ca. 30 mg l^−1^) reflect the drainage from the surrounding calcareous terrain of the Hudson Bay Lowlands ([@bib27]; [@bib44]). Sediment cores were taken using a Glew gravity corer ([@bib24]). The sediment cores were sectioned into 0.5 cm intervals over the first 10 cm (20 samples) and every 2 cm for the remaining fraction of the core. Upon collection, core samples were divided in two; half of the interval was put into a 50 ml polypropylene centrifuge tube with 10 ml of RNAlater and shaken to allow the solution to properly penetrate the sample, which was dedicated to molecular analyses. The other half of the interval was placed into a Whirl-Pak bag (Nasco, Fort Atkinson, WI, USA) and dedicated to Hg and radiometric analyses. All samples were kept at 4 °C and in the dark until frozen at −20 °C. All containers used for sampling were sterile, extruding instruments were rinsed with water between each layer and non-powdered gloves were worn at all times during sampling and processing of the samples. Full characterisation of all lakes used in this study is presented elsewhere ([@bib11]).

Mercury analyses
----------------

Frozen sediments were transferred from Whirl-Pak bags into 50 ml sterile high-density polypropylene Falcon tubes (Corning, Tewksbury, MA, USA). Samples were then lyophilised for a period of 72 h under a vacuum of 5 atm and then homogenised. Total Hg in sediments was analysed with Nippon Instruments Corporation\'s Mercury SP-3D Analyser (CV-AAS) (Osaka, Japan) by thermal decomposition with gold trap amalgamation and cold vapour atomic absorption method (UOP Method 938-00, detection limit of 0.01 ng Hg and range up to 1000 ng Hg). The instrument was calibrated with Mercury Reference Solution 1000 ppm ±1% (Fisher CSM114-100, Waltham, MA, USA) and MESS-3 (91±9 ng g^−1^, National Research Council of Canada) was used as reference material. Blanks were performed as suggested by the manufacturer.

Radiometric dating
------------------

Sediment cores were radiometrically dated using gamma (γ) spectrometry and analysed for the activity of ^210^Pb, ^137^Cs and ^226^Ra in an Ortec germanium crystal well detector (DSPec, Ortec, model \# GWL-120230, Oak Ridge, TN, USA) following the method by Appleby ([@bib3]). Analysis of ^210^Pb was performed on 14--18 selected depth intervals in the sediment cores to determine the sediment age, and the sediment accumulation rate. Samples were lyophilised, homogenised and hermetically sealed and left to reach secular equilibrium for a minimum of 21 days before being counted for 23 h (82 800 s). The resulting spectrum files showed ^210^Pb activity with a peak at 46.5 keV, and ^137^Cs at 662 keV. ^226^Ra activity was determined by γ-ray emissions of its daughter isotope ^214^Pb, resulting in peaks at 295 and 352 keV. Long-term sedimentation rates were determined for each core using the Constant Rate of Supply model from [@bib4]. ^137^Cs activity (from atmospheric fallout of nuclear weapons, peaking in 1963) was measured to verify ^210^Pb dates. ^210^Pb results indicated that sediment mixing was not happening in these cores. Physical mixing typically appears as uniform ^210^Pb activity to the bottom of the mixed layer. These data do not support movement of particles (and therefore particle-bound) bacteria throughout the profiles.

Sample preparation for DNA work
-------------------------------

Prior to subsampling for DNA extractions, sediment samples were thawed and centrifuged at 4000 r.p.m. for 10 min and the supernatant was discarded. For DNA extraction, a subsample of 0.5 g was placed into a sterile 2 ml Eppendorf tube. We used a sterile buffer modified from [@bib58] to wash the sediment to remove contaminants such as humic substances and divalent cations that can be co-extracted with nucleic acids and inhibit subsequent downstream applications. The buffer consisted of 10 m[M]{.smallcaps} EDTA, 50 m[M]{.smallcaps} Tris-HCl and 50 m[M]{.smallcaps} Na~2~HPO~4~·7H~2~O at pH 8.0. We added three parts buffer for one part sediment, then samples were vortexed at maximum speed for 30 s, centrifuged at 4000 r.p.m. for 3 min and the supernatant was discarded. The washing procedure was repeated until the supernatant was clear (maximum of five washes). The washed sediment was immediately used for DNA extraction. All handling and processing of the samples occurred in a dedicated stainless-steel biological safety cabinet equipped with a HEPA 100 filter. All work surfaces were thoroughly washed with ethanol (70%), bleach (10%) and treated with UV radiations before and after each use. Non-powdered gloves were worn at all time.

DNA extraction and quantification
---------------------------------

DNA extracted from any depths in sediments can reflect: (i) dormant or resting organisms ([@bib30]); (ii) free DNA molecules adsorbed onto sediment particles ([@bib28]); or (iii) live microbes. Bacterial DNA extraction from the washed sediment (0.25 g) was performed using a PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA, USA) according to the manufacturer\'s guidelines. DNA extraction was performed on sediment from five depth intervals of each core. The extracted DNA was quantified using an Invitrogen Quant-iT dsDNA High-Sensitivity Assay Kit (Invitrogen, San Diego, CA, USA) according to the manufacturer\'s protocol. DNA extracts were stored at −20 °C until further use. Note that the poor quality and yield of DNA obtained for North Raft Lake at depths of 10 and 22 cm did not allow for subsequent analyses to be performed.

Quantitative PCR (qPCR)
-----------------------

qPCR reactions were performed using the commercial enzyme kit SsoFast EvaGreen Supermix (Bio-Rad Laboratories, Hercules, CA, USA) according to the manufacturer\'s recommendations. Final per reaction reagent concentrations were: 1 × SsoFast EvaGreen Supermix and 0.2 μ[M]{.smallcaps} Forward/Reverse primers ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Samples and associated assay standards were assayed in triplicate with each replicate having a final volume of 20 μl. Samples and associated assay standards were run using the Eco Real-Time PCR System (Illumina Inc., San Diego, CA, USA). Machine user interface software used was the Eco Real-Time PCR system qPCR Software v2.0.6.0 (Illumina Inc). All primers used in this study are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

qPCR standards were created using PCR amplicon products derived from laboratory pure cultures known to house the gene of interest (*Pseudomonas aeruginosa* for *mer*-operon genes and *Escherichia coli* for *glnA* gene). The control gene, *glnA,* encodes the glutamine synthetase, which, as a core housekeeping bacterial marker, is expected to reflect overall bacterial abundance ([@bib32]). After the successful amplification of the partial gene segment of interest, the amplicons were cloned within the vector pGEM-T Easy Plasmid (Promega, Madison, WI, USA) and used to transform a competent stock of laboratory culture (*E. coli* strain XL10). The transformed culture was grown overnight and the vector plasmid housing the amplicon of the gene of interest was extracted using the Wizard Plus SV Minipreps DNA Purification System (Promega). Extracts were stored at −20 °C until further use. Concentration values for standard copy number were entered into the Eco Real-Time PCR system qPCR Software based on the volume (μl) inputs in each reaction vessel. Tenfold-based dilution series of the standard plasmid stock were generated to create a dilution curve for the qPCR standards. Standard quantities used in the generation of standard curves ranged from 10 copies to 10^7^ copies of gene specific amplicon. qPCR results and standard curve data are presented in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}.

Conventional PCR
----------------

PCR reactions were performed using the Eppendorf MasterCycler ProS (Eppendorf Canada, Mississauga, ON, Canada) and the Biometra T Professional Basic Gradient (Biometra, Goettingen, Germany). Commercial enzyme Platinum Taq Polymerase (Invitrogen) was used to generate PCR amplicons. Results of conventional PCR assays (for example, a clean, unique, distinct band on a gel) were used to ensure assay specificity and quality prior to the application of PCR protocols in quantification assays (qPCR) (QA/QC).

PCR reactions were carried out according to the manufacturer\'s recommendations with final per reaction reagent concentrations being: 1 × PCR buffer, 2.5 m[M]{.smallcaps} MgCl~2~, 0.2 μ[M]{.smallcaps} forward/reverse primers ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), 0.2 m[M]{.smallcaps} dNTPs, 0.625 U Platinum Taq Polymerase. For the determination of optimal PCR conditions in generating specific amplicon products with maximised yields, MgCl~2~ concentrations varied from 1.5 to 3.5 m[M]{.smallcaps}; optimal Mg^2+^ concentration was chosen based on the presence of a distinct and unique band of the expected size. Once generated, amplicons were separated by electrophoresis, and visualised under UV light. Genes targeted in PCR assays and their associated PCR primers with respective information on cycling conditions are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

*MerA* and *rpoB* gene clone libraries
--------------------------------------

Clone libraries were constructed using the Aquatuk Lake sediment core. This core was chosen for this more focused work as it provides consistent DNA quality throughout the profile (for example, we could not extract good quality DNA from deep sediment samples in North Raft Lake; [Figure 1c](#fig1){ref-type="fig"}) and for which total mercury concentration profiles did not exhibit perturbation (as observed for Hawley Lake, [Figure 1b](#fig1){ref-type="fig"}). We amplified *merA* genes using a nested approach; first PCR round using primer pair Nlf F and Nlf R, amplifying a *ca.* 1200 bp fragment, and a second round of amplification using primer pair Nsf F and Nsf R, amplifying a diagnostic 300 bp fragment. Amplicons were gel purified with a Qiagen QiaexII Purification Kit (Qiagen cat\#20021, Valencia, CA, USA) and cloned using the StrataClone PCR Cloning Kit (StrataClone PCR Clonning Kit Cat\#240205, Agilent, Santa Clara, CA, USA), as per the manufacturer\'s instructions. *RpoB* gene fragment (640 bp) was amplified using one round of PCR. One DNA library of 96 clones was constructed per depth for each gene of interest (surface, middle and deep). All clones were sequenced by Beckman Coulter Genomics (Danvers, MA, USA). Genes targeted in PCR assays and their associated PCR primers with respective information on cycling conditions are presented in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Sequence analyses
-----------------

The workflow for processing sequence information for phylogenic investigation was as follows: Vector sequences were removed from the *merA* and *rpoB* sequences using the vector annotation tool in Geneious v5.4 ([@bib35]). Primers from both *merA* and *rpoB* sequences were removed using Geneious\' primer annotation tool. An alignment of 209 known *merA* sequences retrieved from the NCBI database was built; this alignment was used to eliminate chimeric sequences. Chimeric sequences were identified using uchime ([@bib22]) in MOTHUR ([@bib50]). Sequences identified as chimeric were discarded. A total of 236 sequences were used for *merA* (90 at the surface, 92 at the middle and 54 at depth). A total of 269 sequences was used for *rpoB* (89 at the surface, 86 at the middle and 88 at depth). *MerA* and *rpoB* sequences were aligned based on the amino acid sequence using TranslatorX ([@bib1]). The model of evolution most appropriate to each of our datasets was determined using jModelTest v.0.1.1 with the Akaike Information Criterion ([@bib45]). Distance matrices were constructed by building a phylogenetic tree in FastTree ([@bib47]) under the appropriate model of evolution. Sequence data reported in this paper can be found in GenBank under accession numbers JX308316:JX308551 for *merA* and KM204402:KM204658 for *rpoB*.

Statistical analyses
--------------------

Analyses of the molecular data were performed with BEAST ([@bib19]) with the models described in [Figure 2](#fig2){ref-type="fig"}. Markov chain Monte Carlo samplers were run for 500 million generations with a thinning of 5000 to decorrelate samples; chains were run in duplicate to assess convergence on the target distributions. Model selection was based on the path sampling method ([@bib57]) implemented in BEAST ver.1.7.2 to estimate marginal log-likelihoods and rank models. Ancestral demographic reconstructions were based either on a constant population size coalescent model or on a coalescent skyline model ([@bib20]) with 10 breakpoints and piecewise constant spline regressions ([Supplementary Text](#sup1){ref-type="supplementary-material"}).

The association between phylogeny and sampling depths was assessed with BaTS ([@bib42]) using 10^3^ replicates on a subsample of 10^4^ trees sampled from the posterior distributions for *merA* and *rpoB* under the model with largest marginal log-likelihood. Trees subsamples were obtained with a custom R script ([Supplementary Text](#sup1){ref-type="supplementary-material"}).

Sites potentially under Hg selection were identified with the DataMonkey pipeline ([@bib16]) under a model of episodic positive evolution ([@bib39]); this is a mixed effects model where nonsynonymous to synonymous rates vary among both amino acid sites (the fixed effect model) and branches (the random effect model); a Likelihood Ratio Test was then used to compare a model where positive selection is permitted vs one where it is not (the null model) and hence infer site-wise selection; because each site is tested multiple times, *P*-values need to be corrected for False Discovery Rate by means of *q*-values ([@bib53]). The frequency of the mutations under selection, as present in GenBank, was obtained by running tBLASTn searches; its phylogenetic distribution was estimated by aligning the MerA sequences resulting from the tBLASTn searches at the protein level with Muscle ([@bib21]), and estimating a maximum likelihood tree under GTR + Γ with FastTree. Three-dimensional models of the partial MerA protein were estimated with SwissModel ([@bib9]). Protein domains were identified from Pfam ([@bib23]).

Results and discussion
======================

Sediment cores from temperate and northern regions provide a record of recent changes in Hg deposition and suggest that modern Hg deposition in the northern hemisphere is two to four times greater than pre-industrial background values ([@bib2]). First, to determine whether microbial populations responded to an increase in Hg delivery with an increase in the copy numbers of the operon, we quantified the copy numbers of three *mer*-operon genes, *merP* (encoding Hg scavenging), *merT* (encoding Hg transport) and *merA* (encoding Hg reduction), and of a control housekeeping gene (*glnA*) over time, along with total Hg levels recorded in the sediment cores of three lakes located in the same area ([@bib11]). Here, while total mercury increased twofold from old to recently deposited sediments ([Figures 1a--c](#fig1){ref-type="fig"}), mirroring the impact of global anthropogenic Hg distribution and deposition in this region, we found that copy numbers of all three genes of the *mer*-operon declined *ca.* 10-fold; *glnA* gene copy numbers (our control gene) remained constant throughout most of the profile, changing only at the surface, likely reflecting bacterial dynamics at the sediment/water interface where delivery of fresh nutrients occurs. This negative relationship between *mer*-gene copy numbers and total mercury for all three lakes (whether it is normalised *per* ng of DNA extracted or per copy number of *glnA*) through time implies either (i) that our quantitative approach could not detect sequences most abundant at the surface (for example, owing to sequence changes in primer binding sites or matrix effects) or (ii) that microorganisms cope with Hg selective pressure by means other than a quantitative change in detoxifying enzymes. An increase in Hg-driven selective pressure may have led to microbes producing *mer*-operon encoded enzymes with an increased activity. We therefore predicted that changes in the delivery of Hg would be recorded in the sequences of genes involved in Hg detoxification and stored in sediments.

We tested this prediction by developing clone libraries for two genes: *merA*, our Hg-detoxifying marker, and the β-subunit of the bacterial RNA-polymerase (*rpoB*), a second housekeeping gene that is not expected to have evolved in response to changes in Hg delivery to aquatic ecosystems. We performed this detailed analysis on the sediment core of Aquatuk Lake for three depths, corresponding to sediments deposited recently (2010, year of sampling), ca. 1885 (shortly after the onset of industrialisation; [@bib2]) and from the bottom of the core estimated to predate the 1800s (that is, pre-industrial times) based on ^210^Pb core dating and known sedimentation rates for this area ([@bib48]). We found a significant phylogenetic structuring of sampled sequences with sampling depth in the case of *merA* (*P*\<10^−3^) but not in the case of *rpoB* (*P*=0.15) ([Figure 3](#fig3){ref-type="fig"}; see also [Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}). Note that calculations of *merA* genetic diversity via the Shannon index (*S*) show that diversity decreased from bottom (*S*=1.23±0.14) to top (*S*=1.03±0.19), but not significantly (*t*=0.85, *df*=176, *P*=0.40). This clustering pattern reflects the ancestral nature of *merA* in deeper sediments and suggests its rapid evolution following changes in the delivery of anthropogenic Hg. Because the Hudson Bay Lowlands environment only recently experienced warming (that is, mid-1990s) as shown using diatom paleo-indicators ([@bib48]), any changes in *merA* gene sequences observed prior to 25 years ago were likely not driven by warming but presumably by Hg delivery to lake sediments; indeed, this unique area offered the possibility to explore the dynamics of genes involved in Hg detoxification without the pressure of possible confounding factors exerted by climate change.

Expression of the *mer*-operon is tightly regulated by intracellular Hg levels ([@bib6]) and studies have shown that *merA* was expressed in environments far removed from direct Hg contamination sources exhibiting trace levels of Hg, such as Canadian boreal lakes ([@bib51]) or in the Canadian High Arctic ([@bib46]). It is therefore reasonable to propose that a twofold increase in Hg levels observed in our sedimentary record ([Figures 1a--c](#fig1){ref-type="fig"}) may have selected microbes exhibiting an increased activity of their mercuric reductase (MerA). To address this question, we ran a codon model that detects episodes of positive selection acting at sites that are *a priori* unknown ([@bib39]); this approach identified one site with strong statistical signal ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}: A375L; *P*\<0.0001; *q*-value=0.01) that is located on all branches leading to surface sequences except for three sequences ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). Microbial adaptation to Hg stress is likely to be complex and will rely on the generation of genetic variation upon which natural selection can act. In a given organism, genetic variation can arise through point mutation, or by means of horizontal gene transfer. Should horizontal gene transfer have a role in spreading this adaptive mutation, A375L\'s phylogenetic distribution would be random (independent of clade structures). To address this possibility, we performed a tBLASTn search on the conserved 16-residue motif AEAHHDGIETDSR[**L**]{.ul}LT that carries the mutation (boldface underlined) and show that although this mutation exists elsewhere in nature, it is sparsely documented in GenBank, and always found in sporadic clades, which argues against its spread solely by horizontal gene transfer ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). As this site evolved the same amino acid replacement in surface sequences repeatedly and independently, it is a clear candidate for validation by site-directed mutagenesis, which we are currently investigating; the functional implications are less clear as this site is located in a dimerisation domain found in pyridine nucleotide-disulphide oxidoreductase ([Figure 4](#fig4){ref-type="fig"}).

To further support this rapid evolutionary response to anthropogenic Hg emission, we analysed *merA* and *rpoB* data extracted from the three different depths using relaxed molecular clock models for different demographic scenarios ([@bib18]). Such demographic predictions are made possible by placing on the diversification process a prior distribution, that is function of the effective population size; the Bayesian modelling can then estimate these variables based on the shape of the estimated phylogenetic tree. Note that this modelling approach focuses on the effective size of populations of detoxifying prokaryotes (via the *mer*-operon sequence data), which differs from census data (as determined by quantitative PCR) as the effective size represents the number of individuals in an 'ideal\' population that would produce the same amount of drift (see [Supplementary Text](#sup1){ref-type="supplementary-material"} for details on the modelling approach). Our demographic analyses were calibrated based on the absolute age of each depth (CE 2010, 1885 and \<1800). Because the age of the deepest layer is only approximately known, we performed 12 separate analyses varying this calibration between 200 (CE 1810) and 2000 years ago (CE 10; [Supplementary Text](#sup1){ref-type="supplementary-material"}). Model fit was assessed by ranking each of these models according to their marginal likelihood estimated by path sampling ([@bib57]). These models fitted a flexible skyline demographic model that allowed the reconstruction of ancestral variation of effective population sizes, scaled by the generation length per year ([@bib20]); the scaled estimates can be understood as estimates directly proportional to the number of bacteria harbouring the *merA* gene. These skyline models, allowing for demographic fluctuations, were also ranked against models of constant population sizes. Our results demonstrate that (i) the skyline models fitted to the *merA* data outperform the constant population size models ([Figure 2](#fig2){ref-type="fig"}), (ii) that the age of the deepest layer is over 1100 years old (\< CE 910; ; [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}) and (iii) there was a significant increase in the scaled effective population size of the *merA* genes, \~220--170 years ago, coincident with the Industrial Revolution that took place 260--160 years ago ([Figure 2](#fig2){ref-type="fig"}, [Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). While our housekeeping marker *rpoB* also shows evidence for a very old age at the deepest layer and a non-constant scaled effective population size ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}), the reconstructed demographics at this locus show a radically different pattern, with a very ancient and steady decrease in demography toward present times ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). Therefore, our data support the assertion that the sedimentary record demographics of Hg-detoxifying apparatus reflect Hg speciation and levels at the time of deposition.

A previous study of the MerA phylogeny suggested an early emergence of MerA among thermophilic bacteria thriving in hydrothermal environments with high Hg levels ([@bib5]), followed by continual gene recruitment improving efficiency of Hg detoxification ([@bib10]). Until now, it has been very difficult, however, to relate these different steps in the evolution of the *mer*-operon over geological times to specific events in Earth\'s history, except to earth oxygenation which may have supported diversification of *mer*-operon determinants ([@bib5]) and subsequent horizontal transfer to anaerobes or phototrophs. Indeed, only very few studies report *mer*-determinants in obligate anaerobes ([@bib40]) or phototrophs ([@bib36]) as they thrive in niches where Hg toxicity is thought to be decreased because of the absence of oxygen ([@bib49]) or the presence of light ([@bib26]). Our findings suggest that although the *mer*-operon may have evolved for billions of years under geogenic Hg influence, anthropogenic Hg may now, at least partly, control its evolutionary path.

Our results support a rapid evolutionary response, over human time scales, of a gene involved in toxic metal resistance coinciding with changes in the delivery of this metal, at low levels, to remote ecosystems. We are currently working at retracing the evolutionary history of mercuric reductase genes using a combination of *de novo* gene synthesis and experimental evolution and testing whether (i) this signature solely reflects Hg speciation (that is, the chemical complexes that Hg forms with inorganic and organic ligands and how these complexes interact with cellular targets) and concentrations of Hg at the time of deposition, or (ii) also partially reflects microbial adaptation to their local environment once isolated from the surface.

These findings offer a novel way to investigate the fate and impact of globally distributed metals in the environment by assessing the response of microbes to changes in metal(loid)s availability and toxicity. We posit that what we observed for Hg could be true for any metal homeostatic or detoxification processes for which microbes have evolved regulation mechanisms offering potential for development of novel paleo-proxies tracking changes in the delivery of contaminants to ecosystems.

This work was funded by NSERC Discovery grants to AJP, JMB and SAB, the Ontario Ministry of the Environment and Climate Change through the Climate Change and Multiple Stressor Research program at Laurentian University, and the Ontario Graduate Scholarship Program. We thank Tamar Barkay, Lars Dietrich, Dianne Newman, Alexa Price-Whelan, John Smol and Paula Welander for comments on previous versions of this manuscript. We thank Albert and Gilbert Chookomolin for their assistance in the field. We thank Dr Emmanuel Yumvihoze, Philip Pelletier and Maggie Stoeva for their help with lab analyses and Linda Kimpe for ^210^Pb analyses.

**Author Contributions**

AJP initiated the study; AJP, JMB and SAB designed the experiments and AJP, MB, AP and WK carried them out; AJP and SAB contributed equally to this work, carried out data analysis and wrote the manuscript with inputs from all co-authors.

[Supplementary Information](#sup1){ref-type="supplementary-material"} accompanies this paper on The ISME Journal website (http://www.nature.com/ismej)

The authors declare no conflict of interest.

Supplementary Material {#sup1}
======================

###### 

Click here for additional data file.

![Depth profiles within sediment cores of three lakes. Depth profiles of total Hg concentrations, *merA*, *merT*, *merP* and *glnA* gene copy numbers collected in Aquatuk (**a**), Hawley (**b**) and North Raft (**c**) Lakes in Northern Ontario. Coloured boxes in panel (**a**) (red: 2010, green: ca. 1900 and blue: prior to 1800) correspond to the three depths chosen for *rpoB* and *merA* gene fragments sequencing.](ismej201586f1){#fig1}

![Model selection and paleo-demographic reconstructions. Models are ranked from top to bottom by increasing estimates of marginal log probabilities of each model, based on two runs; error bars: 2 standard deviations. Compared models are: All.equal.const: all three depths are contemporaneous (equal prior dates) with constant population size (demography); Two.dates.const: two prior dates (0 for superficial samples; 500 y for all other samples), constant demography; Three.dates: three prior dates (0 for superficial samples; 125 y for intermediate depth; trailing number is prior age for deepest samples); sky: skyline demographic model. Bayesian skyline demographic reconstruction under the best model is shown in the inset; dashed vertical line in inset shows timing of the Industrial Revolution, ca. 200 years ago.](ismej201586f2){#fig2}

![*MerA* and *rpoB* gene phylogenies. Example of phylogenetic reconstructions, showing the nonlinear relationship between sediment core depth and divergence times for *merA* (**a**) and *rpoB* (**b**) genes in Aquatuk lake sediments. The evolution of *merA* sequences is highly contingent: only a small fraction of sequences persist through time. Coloured lines (red: 2010, green: ca. 1900 and blue: prior to 1800) correspond to the three depths chosen for *rpoB* and *merA* gene fragments sequencing.](ismej201586f3){#fig3}

![Evidence for selection on the mercuric reductase N-terminus. Location of site A375L that shows strongest signal of positive selection. (**a**) Three-dimensional model (PDB identifier: 4K7Z; chosen by SwissModel); secondary structure are indicated (green: β sheets; red: α helices), as well as position 375; the left and right structures are identical, but views differ by a rotation of 180 degrees; the region sequenced in this study is circled. (**b**) This position is shown in a subset of the protein sequence alignment for deepest (\*DEP\*), middle (\*MID\*) and surface (\*SUR\*) sequences; this position changes from an A to a T and to an L with time; AQSUR12 and AQSUR8 are among the three sequences where no positive selection could be detected ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"},[Supplementary Information](#sup1){ref-type="supplementary-material"}). (**c**) The identified Pfam domain is involved in the dimerisation of the MerA protein, here represented in its totality with its two Pfam domains, PF07992 and PF02852.](ismej201586f4){#fig4}
